Abstract. Land use changes alter the hydrological characteristics of the land surface, and have significant impacts on hydrological cycle and water balance, the analysis of complex effects on natural systems has become one of the main concerns. In this study, we generated the land use conversion matrixes using ArcGIS and selected several landscape indexes (contagion index, CONTAG, Shannon's diversity index, SHDI, etc.) to evaluate the impact of land use/cover changes on hydrological process in the upper reaches of Minjiang River. We also used a statistical regression model which was established based on hydrology and precipitation data during the period of 1959-2008 to simulate the impacts of different land use conditions on rainfall and runoff in different periods. Our results showed that the simulated annual mean flow from 1985 to 1995 and 1995 to 2008 are 9.19 and 1.04 m 3 s −1 lower than the measured values, respectively, which implied that the ecological protection measures should be strengthened in the study area. Our study could provide a scientific basis for water resource management and proper land use planning of upper reaches of Minjiang River.
Introduction
With the continuous development of human society, the land use pattern has significantly changed from the basin scale to the global scale, and influenced the biological energy and water cycle processes on earth's surface (Kalnay and Cai, 2003; Lambin et al., 2002) . This has been one of most popular scientific issues in this century, which focused on the potential impacts of land use changes on regional resources, environment and sustainable development (Potter, 1991) . At the basin scale, the impacts of climate and land use changes on hydrological process would directly induce the changes in water resource supply and demand, and further significantly impact the local ecology, environment and economic development (Wang et al., 2005) . Therefore, it is important to have a better understanding about the land use changes and their influence on regional water cycle. However, the impacts of human activities in different time periods and the different geographical features reflected the large inconsistency in response of land use pattern to hydrological process. Thus, a large number of case studies in typical areas are needed to explore the general application theory (Huang and Zhang, 2004 ).
The Study Area
As one of main tributaries at upper reach of the Yangtze River, Minjiang River originates from the border of Sichuan and Gansu Provinces on northern foot of Minshan Mountain (Fig. 1) . Within the 31-33 • N and 102-104 • E, its upper reaches are located in the transition zone between hilly Sichuan Basin and Northwest Sichuan Plateau and under the administrative jurisdiction of Wenchuan, Maoxian, Heishui and Songpan Counties in Sichuan Province. The basin area is 22 950 km 2 , with the total river length being 340 km and average slope being 8.85 ‰. The mean annual discharge and the annual mean flow are 462 m 3 s −1 and 14.57 billion m 3 , respectively. As upper reaches of Minjiang River are of complicated geological structure, the overall terrain descends from the northwest to the southeast. There are great differ- ences between proportions of high and low mountains in this area, with average height difference being over 1000 m. For a long time, this area is relatively economically underdeveloped due to great differences in production and life styles of multiple peoples, which also results in diversity of agricultural land use. These provide goods disturbance gradient conditions for study on this land use impacts.
Data

Land use data
Satellite-based image data in 1985, 1995, 2005 and 2014 are used in this study, with the support of EDARS IMAGINE and ArcGIS software. In this study, land use is divided into 6 types, i.e. arable land, forest land, grass land, water area, land for urban and rural residents and unused land, and subdivided into 20 types, i.e. paddy field, dry land, forest land, shrub, open forest land, other forest land, high coverage grass land, moderate coverage grass land, low coverage grass land, canal, lake, permanent glaciers and snowfield, urban land, rural residential land and swamp.
Water and weather data
The monthly precipitation used in this study was observed by the China Meteorological Administration at Dujiangyan station during 1959-2010, while the monthly runoff data of Yuzui hydrological station in Dujiangyan from 1959 to 2008 were derived from the Survey Bureau of The Hydrology and Water Resources.
Analysis on land use pattern changes
The land use changes in the last two decades was analyzed based on the image data in 1985, 1995, 2005 and 2014 . Firstly, The conversion matrix of land use change that established by superimposing the land use image during two different periods was employed to analyze the land use changes (Liu and Zhu, 2010) . Then, 7 indexes were selected based on the theory of landscape ecology (Ravan and Roy, 1997; Liu et al., 2005; Xiao and Bu, 1997; Bu et al., 2005) to analyze spatial pattern of land use for upper reaches of Minjiang River, including Patch Density (PD), Edge density (ED), Landscape Shape Index (LSI), Mean Fractal Dimension (FRAC_MN), Contagion Index (CONTAG), Landscape Diversity Index (DIVISION) and Shannon's Diversity Index (SHDI). The detailed physical meaning and calculation of each index could be seen in Bu et al. (2005) and .
Response of land use changes to hydrological process
There are many studies (Zhou et al., 2015; Bewket and Sterk, 2005; Hao and Su, 2015) about the impacts of land use pattern changes on hydrological process, which are mostly statistical analysis for hydrological data and distributed hydrological model simulation analysis based on soil physical and hydrological data. However, it is difficult to collect the data (such as soil physical data) that are necessary for hydrological model establishment. Meanwhile, it is hard to identify the relevant parameters affecting rainfall and runoff process due to different types of vegetation cover (Napoli et al., 2017; Bütof et al., 2015) . So while the model analysis with higher simulation precision and physical mechanism, but it is difficult to be suitable in practice, especially in Information deficiency areas. In this study, the statistical regression model is established based on rainfall and runoff data of Dujiangyan Station during 1959-2008 to simulate the impacts different land use conditions on runoff under same precipitation condition.
Results
Characteristics of dynamic changes of land use
The result from land use data in 1985 and 2014 showed that during the period of 1985-2014, the land was mainly used as grass land and forest land (accounting for over 96 % of total catchment area) at upper reaches of Minjiang River, and then followed by arable land, and others were water area, land for urban and rural residents and unused land (Table 1 ). In recent 20 years, the grass land area was decreased sharply with the average speed of 351.29 km 2 during 1985-2014, while the others land areas were increased. The areas of water area and arable land accounted for 2.56 and 3.38 % of total catchment area in 1985 and 2014, respectively. The areas of arable land and water area were increased by 89.91 and 91.16 km 2 , respectively, and their total increment exceeded the increment of forest land in this period. The increased arable land was mainly forest land and grass land, with large ratio for conversion between forest land and grass land. With social development of society, land for urban and rural residents was increased gradually. The Table 2 showed the conversion matrixes for typical land use types at upper reaches of Minjiang River at different time periods. During the period of 1985-1995, the converted land area accounted for 19.04 % of the total land use area, mainly involving conversion between high and moderate coverage grass land. Some shrub areas were converted to moderate coverage grass land, and the moderate coverage grass land was mainly converted to high coverage grass land, which accounted for 5.46 % of the total area. During the period of 1995-2005, the land use conversion area was 35.5 %, still dominated by the conversion between high and moderate coverage grass land. The high coverage grass land was converted to low coverage grass land, with a ratio of 5.09 % and the shrub area was converted to moderate coverage grass land at the same time. However, the land use conversion area was only 1.16 % during the period of 2005-2014, mainly involving conversion from shrub to other land use types, i.e. forest land (0.31 %), low coverage grass land (0.04 %) and dry land (0.04 %).
Changes in land use pattern at landscape level
The land use pattern at landscape level in the upper reaches of Minjiang River was shown in Table 3 . The landscape density (PD, ED) at the whole basin was characterized by decreasing at first and then increasing. The landscape density and the number of patches reached the maximum in 2014. The landscape shape index (LSI) and mean fractal dimension (FRAC_MN) could reflect the type and shape of landscape and the complexity of boundary. The increasing LSI and FRAC_MN during 1985-1995 indicated that during the land development period, there was a lack of effective planning, and the large-scale tree cutting and grazing would induce continuous deterioration of natural vegetation and fragmentation of land type. However, the increasing trends of LSI and FRAC_MN during 1995-2014 might be highly related to local grain for green policy implemented in later 1990s. The CONTAG reflects the cluster degree of different patch type in landscape. A higher value indicates better connectivity of patches dominated by few large patches or of same type in the landscape. With space information included, the CONTAG is the most important index to describe landscape pattern. The high CONTAG in the study indicated the good connection the dominant patch types of forest land and grass land, while the gradually decreasing trend implied the growing interference effect of human activities, and large patches dominated by forest land and grass land were disturbed in social development, causing the connectivity decreased. The DIVISION refers to separation degree of different patch individuals distributed in some landscape. The entire study area had a distinct nature gradient and limited changes in DIVI-SION. The SHDI can reflect the landscape heterogeneity, and was especially sensitive to unbalanced distribution of various patches types in the landscape, which emphasized the contribution of rare patch types. The SHDI in the study area was relatively large and showed land-use types are increasingly enriched during 1985-1995, but it was followed closely by decreasing.
In conclusion, changes in land use of upper reaches of Minjiang River were mainly characterized by the exchange of land use types between natural forest land and grass land since 1985. The policy of grain for green promoted the increase in arable land area, but these change in arable land were less obvious compared to the changes in forest and grass land. The social development in the early 20th century protected the ecological environment, but also expanded the influence of human activities. 
Hydrological response to land use changes
The hydrological and meteorological data in Dujiangyan Station were used in this study to analyze annual trend of precipitation and runoff during 1959-2008. The results were shown in Fig. 2 . The precipitation was overall decreased by 1.9 mm per year; meanwhile, the annual mean flow was also showed a decreasing trend, with average decreasing speed of 1.5 m 3 s −1 per year, and the annual runoff volume decreased at a rate of 47.5 × 10 6 m 3 per year. The changes in precipitation and runoff were nearly synchronous, because precipitation is the main factor to constitute runoff. Therefore, based on the precipitation and runoff data from 1959 to 2008, we established statistical equations (Table 4) for precipitation and runoff during the period 1959-2008, 1985-1995 and 1996-2008 through regression analysis, respectively. These equations represent the relationship between rainfall and runoff under different land use impacts.
The R 2 of regression equation at each period were larger than 0.6, indicating the close relationship between runoff and precipitation. Therefore, the statistical model could relatively accurately describe this relation. The monomial coefficient in Eq. (3) is 0.537, smaller than 0.623 in Eq. (2), indicating the runoff generation capacity in the 1996-2008 was decreased compared with that in the previous 10 years. Since 1970s, the precipitation and runoff process in the basin were gradually weakened, and these may partially due to the land use changes. The predicted runoff from 1985-1995 was calculated with the statistical model in Eq. (3) to obtain the comparative predicted values under the same pre- cipitation and different land use conditions. The comparison of simulated and measured flow during 1985-1995 was shown in Fig. 3 . The simulated annual mean flow was highly consisted with the measured flow, but there were still some differences. The runoff generation capacity was relatively low under the same land use conditions, and the simulation decreased by 9.19 m 3 s −1 compared with observation. The land use pattern in the study area was dominated by grass land and forest land. Since the boom of forest resource exploitation appeared in the upper reaches of Minjiang River in 1980s and the "wood finance" appeared in the counties and districts, the forest land types were damaged. Previous research showed that vegetation condition influenced the surface runoff, which is an important part (Xiao et al., 2006) of the eco-hydrological functions, such as water conservation, preserving water and soil, reducing peak-flow and flood, and reducing sediment yield. Forest land has flood intercepting, low water supply, water purifying and other functions (Abari et al., 2017) . The destruction of forest land reduced the water and soil reservation capacity, which was the main reason of the higher measured flow.
The comparison between simulated and measured annual mean flow from 1996-2008 was shown in decreased than the measured value on average. This result was related to the increase in arable area and decrease in grass land area in the study area. The growth rate of population in the upper reaches of Minjiang River kept at about 10 % since 1995, while the agriculture population was only increased by 5000 during 1995-2000. Special geomorphic features, less cultivable land area and unchanged traditional cultivation method in the study area compelled the people to reclaim the hillside land (Zhao et al., 2006 ; Sichuan Census Office and Sichuan Provisional Bureau of Statistics, 2012), expand animal husbandry and turn forest land into grass land. In such cases, grass land was severely degraded due to influence from animal husbandry. Baneful influence was brought to ecological environment, water and soil loss was intensified, and measured annual mean flow was increased. The restoration of ecological environment needed to be further reinforced.
Conclusions
The development in economy and society changed people's way of life and land use, which affected the water cycle process between rainfall and surface runoff in the basin. According to the analysis of land use pattern in last 30 years through hydrological and precipitation data and establishing of statistical regression model, the conclusion is as follows:
1. During the period of 1985-2014, dynamic changes in land use were mainly dominated by the change of forest and grass land and characterized by the exchanges of various types between natural forest and grass land. Arable land was changed remarkably due to corresponding policies. During the period of 1985-1995, the land use pattern and the types of forest and grass land were fragmented. The ecological environment was degraded and arable land area was decreased. During the period of 1995-2014, a large number of shrub wood was changed into grass land and the arable area was increased due to the impact of human activities, resulting in higher heterogeneity of land use pattern.
